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SUMMARY: 
 
The purpose of this thesis was testing the effect of different type of fibre reinforcements 
to the compressive ductility of lightweight aggregate concrete (LWAC).  Concrete with 
density of about 1800 kg/m3 and compressive strength of about 40 MPa was used. The 
fibres used were two types of steel fibres with lengths of 35 and 60 mm and then basalt 
fibres with length of 45 mm. 
 
Eight full scale over-reinforced LWAC beams with length of 4,2m and cross-section of 
0,2x0,3m were constructed with identical structural steel reinforcement but with different 
type of fibres added.  The beams were then tested in a four point bending until failure.  
The deflection and top and bottom concrete strains were measured with inductive 
sensors and recorded in a test-log. 
 
Test results of these beams were compared to calculations with input values from testing 
of the compressive strength and oven-dry density from testing of concrete cylinders.  
Comparison of test results and calculations showed a generally good compliance. 
 
The fibres had positive effect on the ductility in compression.  Even though they didn’t 
increase the load bearing capacity post-failure, they decreased the deflection rate 
considerably.  This test indicated clear difference in effect of the steel fibres versus the 
basalt fibres to the compressive ductility. 
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OPPGAVE 
 
På grunn av lettbetong sin lave densitet vil den i en del tilfeller være gunstig å bruke i 
konstruksjoner. I forhold til en normal betong har lettbetong en mye sprøere bruddoppførsel på 
trykk. Dette gjør at lettbetong ikke kan brukes i en del sammenhenger hvor det er krav til duktil 
oppførsel, for eksempel i områder med jordskjelvbelastning hvor dissipasjon av energi er sentralt. 
I regi av instituttets deltakelse i COIN (Senter for forskningsbasert innovasjon innen betong) 
gjennomføres det forskning innen dette fagområdet. Oppgaven går ut på prøving av bjelker av 
lettbetong laboratoriet for å studere duktiliteten og effekten av ulike tiltak for å øke duktiliteten 
 
8 lettbetongbjelker med densitet 1800 kg/m
3
 skal produseres og lastes til brudd. Siden oppgaven 
fokuserer på duktilitet i trykksonen av lettbetong, overarmeres bjelkene. Bjelkenes dimensjoner 
og armering er helt like. Fire varianter av bjelkene lages; 1) uten fiber; 2) Stålfiber med lengde 
60mm; 3) Stålfiber med lengde 35mm; 4) Basalt fiber. Av hensyn til reproduserbarhet er to og to 
av bjelkene helt identiske.  
 
Oppgaven kan deles opp som følger: 
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 Prøving av bjelker til brudd 
 Rapportering av prøvingsresultater 
 Vurdere effekten av ulike typer fiberarmering på duktiliteten 
 Detaljerte beregninger av bjelkene basert på materialdata fra forsøkene 
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Abstract 
The purpose of this thesis was testing the effect of different type of fibre reinforcements to the 
compressive ductility of lightweight aggregate concrete (LWAC).  Production of the LWAC was 
done by substituting Leca pellets (lightweight aggregate) for the aggregates used in normal 
concrete.  This resulted in a concrete with density of about 1800 kg/m
3
 and compressive strength 
of about 40 MPa. The fibres used were two types of steel fibres with lengths of 35 and 60 mm 
and then basalt fibres with length of 45 mm. 
To improve LWAC’s ductility is a very relevant task to make it a more attractive alternative to 
normal weight concrete and usable in constructions located on seismic active areas since they 
must be flexible enough to withstand the dynamic forces. 
Eight full scale over-reinforced LWAC beams with length of 4,2m and cross-section of 0,2x0,3m 
were constructed with identical structural steel reinforcement but with different type of fibres 
added.  The beams were then tested in a four point bending until failure.  The deflection and top 
and bottom concrete strains at mid-span of the beam were measured with inductive sensors and 
recorded in a test-log. 
Test results of these beams were compared to calculations with input values from testing of the 
compressive strength and oven-dry density from testing of concrete cylinders.  Comparison of 
test results and calculations showed a generally good compliance. 
The fibres had positive effect on the ductility in compression.  Even though they didn’t increase 
the load bearing capacity post-failure, they decreased the deflection rate considerably.  This test 
indicated clear difference in effect of the steel fibres versus the basalt fibres to the compressive 
ductility.  The steel fibres seemed to have almost immediate effect post the failure point.  While 
the basalt fibres took longer time to affect the load bearing capacity of the beams post-failure due 
to lower E-modulus of the basalt fibres. 
This project also emphasized how important it is to be thorough when casting fibre reinforced 
concrete to achieve good fibre orientation and distribution. 
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Sammendrag 
Målet med oppgaven var å undersøke effekten av forskjellige typer av fiberarmering på 
trykkduktiliteten av lettbetong.  Produksjon av lettbetongen som var brukt i dette prosjektet ble 
gjort ved å erstatte tilslagene brukt i vanlig betong med Leca lettklinker.  Dette resulterte i en 
betong med densitet på omtrent 1800 kg/m
3
 og trykkfasthet på ca 40 MPa.  Fibrene som var brukt 
var to typer stål fibre med lengder på 35 og 60 mm og basalt fiber med lengde på 45 mm. 
Å forbedre duktiliteten til lettbetong er svært relevant oppgave for å gjøre det il et mer attraktivt 
alternativ til normal betong og anvendelig i konstruksjoner på seismisk aktive områder fordi de 
må være fleksible nok til å tåle de dynamiske krefter. 
Åtte fullskala overarmerte lettbetongbjelker av lengde 4,2m og tverrsnitt 0,2x0,3m ble laget med 
identisk tradisjonell stangarmering men med forskjellige tilsatte fibre.  Bjelkene ble deretter testet 
i en firepunkts belastning inntil brudd.  Nedbøyning og betongtøyning i øvre og nedre kant midt 
på bjelken ble målt med induktive givere og registrert i en test-logg. 
Resultatene fra bjelkeprøvingen ble sammenlignet med beregninger med input verdier fra prøving 
av trykkfasthet og ovnstørr densitet fra testing av betong sylindre.  Testresultater og beregninger 
stemmte generelt. 
Fibrene hadde positiv effekt på trykkduktiliteten.  Selv om de ikke økte bæreevnen etter brudd, da 
reduserte de likevel nedbøyningshastigheten betraktelig.  Denne testen indikerte tydelig forskjell i 
virkning av stålfibre versus basalt fibrene på trykkduktilitet.  Stålfibrene hadde nesten umiddelbar 
effekt etter brudd.  Mens basalt fiber tok lenger tid å påvirke bjelkenes bæreevne på grunn av 
lavere E-modul på basalt fibrene. 
Denne oppgaven viser også hvor viktig det er å være grundig ved støping av fiberarmert betong 
for å oppnå god orientering og fordeling av fibrene. 
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1 
1 Introduction 
Lightweight aggregate concrete (LWAC) is becoming more common in modern structures.  
Where the dead load of buildings is often the governing load since the need to build high rise 
buildings instead of more wide spread.  And lightness of bridges is beneficial while the dynamic 
loads are not too large. 
The purpose of this thesis is testing the effect of different type of fibre reinforcements to the 
compressive ductility of lightweight aggregate concrete (LWAC).  Ductility is the ability of a 
material to be deformed without losing its entire load bearing capacity.  The goal is modifying the 
stress-strain diagram of LWAC so that it looks more like the diagram for the fibre reinforced 
concrete shown in figure 1.1 here below. 
 
Figure 1.1.  Stress-strain diagram for Lightweight Aggregate Concrete (LWAC), Normal Weight Concrete (NWC) and 
Fibre Reinforced Concrete (FRC). 
To ensure the best possible effect from the fibres there must be equal distribution and orientation 
of the fibres over the whole cross section.  The optimal direction of fibres to get the best effect on 
ductility in compression is transverse to the beams longitudinal direction, as shown in figure 1.2.  
Therefore is it very important to be very thorough when casting fibre reinforced concrete. 
 
Figure 1.2.  Different directions of fibres in a beam. 
 2 
To improve LWAC’s ductility is a very relevant task to make it a more attractive alternative to 
normal weight concrete and usable in constructions located on seismic active areas since they 
must be flexible enough to withstand the seismic forces. 
The method used in this study is construction of eight full scale over-reinforced lightweight 
aggregate concrete beams with different type of fibres added.  The beams are over-reinforced to 
ensure compressive failure of the beams.  Two and two identical beams (twin beams) are casted 
where one set is without fibre reinforcement as the base point and then three sets of beams with 
different type of fibres.  The beams were then tested in a four point bending until failure. 
The structure of this project is divided in two major overlapping parts.  The laboratorial work 
including fabrication of the beams and testing represent the first part.  The second part of the 
project involves a literature study, beam design and evaluation of the test results. 
This thesis is a continuation of previous testing where the goal was testing which effect fibre 
reinforcement in addition to traditional reinforcement stirrups had to the ductility of LWAC. 
  
   
3 
2 Literature 
2.1 Ductility 
Structural steel is a ductile material while concrete in itself is brittle.  So when combined it can 
become a relatively ductile material.  Ductility of structural concrete ensures visible indication of 
deformation if the applied loads become too large [1].  Ductility is especially important for 
constructions located in seismic active areas since the structures must have enough flexibility to 
withstand the seismic load. 
“Ductility may be defined as the ability to undergo deformations without a substantial 
reduction in the flexural capacity of the member” [2] 
Ductility can be calculated by using the load-deflection or moment-curvature diagrams.  For 
reinforced concrete sections it can be expressed in the form of curvature ductility, μϕ: 
 u
y




  (2.1) 
Where ϕu is the curvature at ultimate when the concrete strain reaches a specified limiting value 
and ϕy is the curvature when the tension reinforcement first reaches the yield strength, see figure 
2.1 [2].  Curvature can generally be determined by the expression: 
 1 2
h
 


  (2.2) 
Where ε1 and ε2 are the strains at top and bottom of a section of height h. 
 
Figure 2.1.  Definition of ductility [2]. 
 4 
2.1.1 Confined Concrete 
Cylinder strength flck is used when defining concretes compressive strength.  Eurocode 2 specifies 
in chapter 3.1.9 that confinement of concrete modifies the effective stress-strain relationship by 
achieving higher strengths and higher critical strains.  Confinement is attained by applying lateral 
compressive stress of σ2 (=σ3) to the test cylinder in the transverse direction of the applied load as 
shown in figure 2.2. 
 
Figure 2.2.  Stress-strain relationship for confined concrete[3, edited for LWC]. 
The confined characteristic strength and strains for lightweight aggregate concrete shown in 
figure 2.2 can be expressed by: 
 2, 1,0lck c lck
lck
f f k
f
   
 
 (2.3) 
Where k is an aggregate coefficient equal to 1,0 in the Norwegian National Annex for Eurocode 2 
and the strains are expressed by: 
 
2
,
2, 2
lck c
lc c lc
lck
f
f
 
 
  
 
 (2.4) 
 22, 2 0,2lcu c lcu
lckf

    (2.5) 
Confinement of concrete structures results in increased ductility of the cross-section.  
Confinement of high-strength concrete columns in high rise building with steel casing has 
become a common method to decrease the brittleness and increase ductility.  Internal transverse 
reinforcement, e.g. stirrups, also has confining effect. 
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2.2 Lightweight Aggregate Concrete 
2.2.1 Properties of Lightweight Concrete 
Lightweight concrete (LWC) can be mixed with oven-dry density from 300 to 2000 kg/m
3
, cube 
strength from approximately 1 to over 60 MPa and thermal conductivity of 0,2 to 1,0 W/mK.  For 
normal weight concrete (NWC) these values correspond to 2100 to 2500 kg/m
3
 density, 15 to 
over 100 MPa cube strength and 1,6 – 1,9 W/mK thermal conductivity. 
Lightweight concrete can be categorized by different methods of production: 
 By removing the finer fraction aggregates from the mix to create air-filled voids.  This 
concrete is also known as no-fines concrete. 
 By including gas bubbles in the cement paste to form a cellular structure which contains 
approximately 30–50% voids.  This concrete is also known as aerated concrete. 
 By replacing, either wholly or partially, natural aggregates in the mix with lightweight 
aggregates containing a large proportion of voids.  This concrete is also known as 
lightweight aggregate concrete [4]. 
Lightweight aggregate concrete (LWAC) is the type of lightweight concrete used in this thesis. 
The density is essentially decreased by the presence of voids, either in the aggregates, the mortar 
or in the interstices between the coarse aggregates.  It is clear that these voids reduce the strength 
of the concrete, but high strength is not always essential.  On the other hand the advantage of 
these pores is that they improve the insulating effect in the concrete, and sometimes that is a 
preferred quality [5]. 
Other properties that have to be taken into consideration in lightweight concrete are workability, 
absorption, drying shrinkage and moisture movement.  To be able to get similar workability as 
normal weight concrete the lightweight aggregate concrete has to have lower slump and lower 
compacting factor because the work done by gravity is smaller.  If higher workability is used then 
there is always the risk of segregation of the mix.  The high water absorption is caused by porous 
nature of the lightweight aggregates.  If the aggregate is dry at the time of mixing, it will rapidly 
absorb water and the workability will quickly decrease [5]. 
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Some other interesting properties of lightweight aggregate concretes compared with normal 
weight concrete are for example 25-50% lower E-modulus of elasticity, better freeze/thaw 
resistance and more fire resistance [5]. 
2.2.2 Fresh concrete 
When designing a concrete mix there are many things to consider.  The increased absorption, 
decreased density and range of available lightweight aggregates amplify this problem for 
lightweight aggregate concrete.  The increased water absorption is especially important to take 
into consideration [4]. 
“All aggregates, whether natural or manufactured, absorb water at a rate which 
diminishes with time.  Such absorption is important in that for unsaturated or partially 
saturated aggregate it will influence such properties of fresh concrete as workability 
(including pumpability) and density and also affect such hardened properties as density, 
thermal insulation, fire resistance and freeze/thaw resistance.” [4, pp. 2/11] 
The rate of water absorption is likely to be much higher for lightweight aggregates particles than 
for normally dense aggregates due to the relatively large pore volume.  However the sintered 
shell around the expanded clay aggregates (see 2.2.4 Norwegian Leca) slows down the absorption 
process.  Water absorption is usually expressed as the proportion of the oven-dry mass absorbed 
after 30 minutes and 24 hours.  Lightweight aggregates generally absorb about 5-15% of the dry 
mass while most natural aggregates absorb about 0,5-2% in 24 hours. 
Casting of lightweight aggregate concrete is no different from normal aggregate concrete.  But it 
can be more tolerant to poor curing since the aggregates withhold some water [4]. 
2.2.3 History of Lightweight Aggregate Concrete 
Lightweight concrete is not quite a new invention.  Through the ages people have used the 
material at hand to build constructions where there has been used many aggregates of different 
types.  Such as some lightweight aggregates (LWA) of volcanic natural origin like pumice, 
scoria, tuff etc. [6]. 
The use of lightweight concrete can be traced to as early as 3000 B.C. when the towns of 
Mohenjo-Daro and Harappa in Pakistan were built with porous clay bricks.  Later the Greeks and 
Romans used pumice when building their constructions, which some of them still exist like St. 
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Sofia Cathedral (Hagia Sofia) in Istanbul and the Roman temple, the Pantheon and the 
Colosseum in Rome [6]. 
Lightweight aggregate can be categorized as naturally resourced aggregate or synthetic 
aggregates.  The most common naturally resourced aggregates are volcanic originated as pumice 
and scoria aggregates.  For example has pumice been used in local building industries in Iceland 
since 1928.  Then there are organic aggregates such as palm oil shells which is a waste product of 
the palm oil industry. 
Most synthetic aggregates are produced by thermal treatment of the materials which have the 
ability to expand.  These materials are divided into three groups 
 Natural materials such as perlite, vermiculite, clay, shale and slate. 
 Industrial products such as glass. 
 Industrial by-products such as fly ash, expanded slag cinder, bed ash etc. 
The most common group is the natural materials, which includes the lightweight aggregate 
produced from expandable clay known as Leca (Light Expanded Clay Aggregate) and Liapor.  
Those made from fly ash are known as Lytag [6]. 
In modern time the demand of LWAC increased and the natural originated lightweight aggregates 
were not available everywhere so there was developed technology for producing LWA.  It is 
assumed to have originated in Germany in the 19
th
 century where porous clay pieces were 
produced by quick evaporation of water.  Industrial use of natural lightweight aggregates in 
Germany began in 1845 with production of masonry blocks form pumice with burnt lime as 
binder.  Then later in North America a contractor and brick maker named Stephen J. Hayden 
observed that clay bricks could expand up to 1/3 of its original size if placed too close to the 
burning fire.  He then crushed these porous clay bricks and used them as aggregates.  In 1920 the 
first commercial plant began operating producing “Haydite” expanded shale aggregates.  In 
Europe the first commercial production of expanded clay began in Germany between 1935 and 
1939.  Denmark is however looked at as the European birthplace of expanded clay where 
production of Leca started in 1939 [6].  
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2.2.4 Norwegian Leca 
Leca is produced by mixing clay and water into a paste.  Then the paste is fed into the higher end 
the rotary kiln where it is broken into smaller granules by chains.  The granules get burned in 
different sized spherical pellets with a glazed but porous skin, often called clinker, and then 
sieved to right size.  Leca is produced in Norway and Sweden and are named Norwegian Leca 
and Swedish Leca, see figure 2.3. 
 
Figure 2.3.  Cross-section of Leca pellet [7]. 
The Production of Norwegian Leca was started in1954 using one single kiln.  The production 
capacity was less than 100.00 m
3
 per year, while today’s production capacity is nearly 1 million 
m
3
 annually from four rotary kilns [6]. 
Other types of commonly used LWA are: 
German Liapor:  “These are also expanded clay aggregates.  The process of their manufacture 
is different from the production of Leca.  They are first pressed into balls of a desired 
shape, dried and then burned.  Thus, unlike Leca, their size and shape is very precise, there 
is no dust or 0-1 mm portion.”  [6, pp. 403] 
Lytag / Aardelite:  “Sintered fly ash aggregate, fly ash collected from the flue gas of thermal 
power stations is dampened with water and mixed with coal slurry in screen mixers.  The 
material is then fed into rotating pans, known as pelletizers, to form special pellets.  These 
are then sintered at a temperature of about 1400°C.  This causes the ash particles to 
coalesce, without fully melting, to form a lightweight aggregate.”  [6, pp. 401]  
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2.2.5 Use of Lightweight Aggregate Concrete in Norway 
The main use of LWAC in Norway has been in the precast industry where the total amount of 
produced floor slabs and wall panels has varied between 100.000 m² and 200.000 m² each year.  
Then there have been constructed six major bridges since 1989 and some offshore constructions 
like Troll GBS (Gravity Based Structure), Troll West floating platform and Heidrun Tension Leg 
Platform.  Concrete types used in these offshore construction varies from LC60 to LC75 (High 
strength Lightweight Concrete) with density of 1900 – 2250 kg/m3 [6]. 
Two of these bridges, Bergsøysundet Bridge (opened in 1992) and Nordhordland Bridge (opened 
in 1994), see figure 2.4, are floating bridges that were the first structures of their kind in the 
world with pontoons made of LWAC.  The Nordhordland Bridge is also partly a 368m long 
cable-stayed bridge which was the first structure of that kind using high-strength LWAC in 
Norway [6]. 
 
Figure 2.4.  Nordhordland bridge, pontoons and cable deck casted with LWAC [8]. 
Stolmasundet Bridge (opened in 1998) and Raftsundet Bridge (opened earlier in 1998) are also 
world record cantilever bridges with the longest bridge span constructed with LWAC which 
made these long spans possible.  The total length of Stolmasundet Bridge is 467m with a main 
span of 301m where of the middle 184m are made of LWAC.  And the Raftsundet Bridge has a 
total length of 711m and a main span of 298m which is constructed with LWAC [9].  The typical 
concrete used in all of these bridges was LC55 and with density of approximately 1900 kg/m
3
 [6].  
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2.3 Fibre Reinforcement 
The purpose of fibre reinforcement is mainly to increase the tensile strength of the concrete and 
delay the formation of cracks and to increase toughness by transmitting stress across a cracked 
section so that much larger deformation is possible beyond the peak stress than without fibre 
reinforcement, see figure 2.5 [5]. 
“Fibres provide post-cracking ductility to the fibre reinforced concrete” [10] 
 
Figure 2.5.  Stress-strain diagram for plain concrete vs. fibre reinforced concrete [11]. 
During the last decades fibre reinforced concrete has mostly been used in slabs on grade and 
shotcrete in tunnels with good results, but it is also possible to use fibre reinforced concrete as 
load bearing in pipes, culverts, foundations, walls, shells and slabs [12]. 
The most actual method for fibre reinforcement is when it is combined with normal 
reinforcement, especially in the sense of reducing or eliminating the amount of stirrups needed 
since the fibres cannot replace the longitudinal tension bars completely. 
2.3.1 Properties of Fibres 
Fibres can be made from natural material such as basalt and asbestos or be a manufactured 
product such as steel, glass, carbon and polymer, e.g. polypropylene [5].  The most common 
types used today are steel-, glass-, synthetic- and natural material fibres.  Generally the length of 
fibres can vary from only few millimetres up to 80 mm and the diameter can be from tenth of a 
millimetre to 2 mm [12]. 
In this project there are used three types of fibres.  Dramix 65/60 and Dramix 65/35 steel fibres, 
see figure 2.6, and 3
rd
 generation basalt fibre reinforced polymer MiniBars, see figure 2.7.  The 
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material properties of these fibres are shown in table 2.1.  Data sheets for these fibre types are 
found in Appendix A. 
Table 2.1.  Material properties of the fibres [13, 14, 15]. 
 
Production of steel fibres can generally be done by cutting wire, shearing sheet or from a hot melt 
extract [10].  Dramix fibres are made out of cold drawn wire which is deformed and cut to 
lengths.  Dramix 65/60 has a length of 60 mm and a performance class of 65 which is based on 
the length-diameter ratio where the diameter is 0,90 mm. Corresponding for the Dramix 65/35 
fibres with length of 35 mm and diameter of 0,55 mm [14, 15] 
 
Figure 2.6.  Dramix 65/60 glued steel fibres.  The hooked shaped of the fibres increases the bondage with the concrete [16]. 
Basalt fibre reinforced polymer (BFRP) MiniBars are engineered to deliver high flexural 
toughness and energy absorption.  It is made from basalt stone and treaded to thin basalt fibres 
and then coated with solution suitable for use in concrete, see figure 2.7 [13]. 
 
Figure 2.7  Production process for basalt fibre MiniBars [13].  
Young's modulus Tensile strength Density
GPa MPa kg/m
3
Steel 210 1.160 / 1.345 7.850
Basalt, gen. 2 60 1.100 1.900
Fiber
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2.3.2 Producing and Casting Fibre Reinforced Concrete 
Concrete that includes fibres usually demands greater amount of finer aggregates (fines) and 
smaller aggregates then normal concrete.  The reason for this is the long and thin shape of the 
fibre which increases the pores and reduces the workability of the concrete.  This also increases 
the need for more water in the mix.  Generally the workability decreases with increasing amount 
of fibres [12]. 
Casting of fibre reinforced concrete has to be planned and done in such a manner that possible 
obstacles like reinforcement steel or electrical piping don’t create weakness zones with little 
amount of fibres that can weaken the concrete, see figure 2.8. 
 
Figure 2.8.  Fibre weakness zone behind reinforcement bar [5]. 
Achieving equal distribution and orientation of the fibres over the whole section is most 
important when casting fibre reinforced concrete since that is assumed in design of the 
reinforcement [12]. 
2.4 COIN (Concrete Innovation Centre) 
COIN has been involved in the education of Master of Science (MSc) students at the Norwegian 
education institutions NTNU, UMB and Oslo University College for the last years.  Several 
master theses have been written in this period.  Some of the industrial partners that are involved 
in COIN have also been involved in supervision of master students [17]. 
“The vision of COIN is creation of more attractive concrete buildings and constructions.  
Attractiveness implies aesthetics, functionality, sustainability, energy efficiency, indoor 
climate, industrialized construction, improved work environment, and cost efficiency 
during the whole service life. The primary goal is to fulfil this vision by bringing the 
development a major leap forward by more fundamental understanding of the mechanisms 
in order to develop advanced materials, efficient construction techniques and new design 
concepts combined with more environmentally friendly material production.” [17, pp. 3]  
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3 Design of Concrete Beams 
The purpose of this project was to test the effect of three different types of fibre reinforcement on 
the ductility in compression of lightweight aggregate concrete (LWAC) beams.  These types of 
fibres are: 
 Dramix 65/60 steel fibres; length 60 mm. 
 Dramix 65/35 steel fibres; length 35 mm. 
 Basalt fibre reinforced polymer MiniBars generation 3; length 45 mm. 
To generate a compression zone on the top side of the beam two symmetric point loads are 
applied to form the four point bending test.  This results in a mid-span between the loading points 
with constant bending moment and free for shear forces as shown in figure 3.1. 
 
Figure 3.1.  Static model for four point bending test. 
3.1 Design 
Previous years SINTEF has been researching and testing lightweight aggregate concrete (LWAC) 
in cooperation with NTNU.  Therefore they have developed a mix of LWAC which has a density 
of about 1800 kg/m
3
 and mean compressive strength of about 40 MPa, which will be used in this 
project.  SINTEF decided to cast four twin beams (denoted A and B), all with the same geometry 
and traditional steel reinforcement.  The only variation of the beams should be the fibre 
reinforcement since the purpose of the project was to test their effect on ductility in compression.  
An overview over the beams and the reinforcement is given in table 3.1. 
F F
a
F F
MEd
a
F
F
L
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Table 3.1.  Fibre reinforcement in the beams. 
 
The concrete mixer in NTNU’s laboratory has a volume of about 800 litres and therefore was the 
cross-section chosen according to that by SINTEF.  To be able to cast two beams and test 
specimens with one batch from the mixer it was decided to set the beams cross-section to 
200x300 mm (WxH) and the total length of 4,2 meters, see figure 3.2.  This means that one beam 
has the volume of 252 litres excluded the reinforcement and the total amount needed concrete, 
including the test specimens, is about 600 litres from one batch.  Therefore we just had to 
calculate the required amount of reinforcement to make the beams over reinforced to ensure that 
the beams would fail in compression. 
After some preliminary calculations it was decided to use 4Ø32 mm longitudinal reinforcement 
bars in the bottom of the beam and 2Ø8 mm longitudinal bars in the top with Ø8 mm stirrups 
with 100 mm spacing in the entire beam with exception of the mid-span between the two loading 
points.  The longitudinal bars in the top are basically to support the stirrups since they are not 
present in the compressive mid zone, and are therefore not taken into consideration in the 
calculations.  To utilize the cross-section the concrete cover was set as only 15 mm.  This doesn’t 
fulfil Eurocode’s requirements but this is safe to do since the beams don’t have to withstand any 
weathering influences.  Figures 3.2 and 3.3 show the geometry and the reinforcement layout of 
the beams. 
 
Figure 3.2.  Geometry of the beams. 
Beam 1A 1B 2A 2B 3A 3B 4A 4B
Type of fiber Only LWAC Dramix 65/60 Dramix 65/35 Basalt gen. 3
1400 1400
300
800
300
4200
3600
F F
A
A
100
B
B
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Figure 3.3.  Cross-section of the beams. 
Following is a table over the beams main geometry and cross section parameters used in 
calculations for the capacity of the beam. 
Table 3.2.  The beams geometry and cross-section. 
 
3.2 Calculations 
Detailed calculations of the beam are shown in Appendix B where the capacity of the given beam 
is checked while the main results are presented on the following pages. 
All calculations are done in accordance with Eurocode 2: Design of concrete structures [3], 
where chapter 11 is about Lightweight aggregate concrete structures, and Betongkonstruksjoner; 
Beregning og dimensjonering etter Eurocode 2 by Svein Ivar Sørensen [18].  Cited formulas in 
the calculations in the appendix refer to Eurocode 2 (EC2) and Betongkonstruksjoner (BK) where 
some equations are adapted to the concretes mean value of cylinder compressive strength flcm 
instead of flck (where l stands for lightweight concrete).  The mean value strength is used since 
this is a laboratorial testing and the concrete batch is mixed in a more controlled way then when 
3
0
0
Ø
32
Ø
8
200
Ø8c100
Ø
32
Ø8c100
Section A-A Section B-B
3
0
0
200
Total Length = 4 200 mm Beam width - b = 200 mm
L = 3 600 mm Beam height - h = 300 mm
L1 = 300 mm Concr. cover - cnom = 15 mm
L2 = 1 400 mm d = 239 mm
L3 = 800 mm z = 0,9d  = 215 mm
Weight = 453,6 kg h' = 209 mm
Geometry Cross-section
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the concrete is mixed at a concrete plant.  The beams are then humidified while stored until tested 
in a controlled loading, i.e. optimal conditions for casting, storing and testing. 
All partial and material factors are set as 1,0 in the calculations to get the most comparable results 
to the test results.  Other material parameters for the LWAC and reinforcement are given in table 
3.3. 
Table 3.3.  Material parameters for the LWAC and reinforcement. 
 
  
flcm = 40 N/mm
2
ρ = 1 800 kg/m
3
flctm = 3,1 N/mm
2
Elcm = 23 430 MPa
εlcu3 = 3,12 ‰
η1 = 0,89 EC2-11.1
ηE = 0,67 EC2-11.2
fyk = 500 N/mm
2
Es = 190 000 N/mm
2
εs = 2,63 ‰
Øb = 32 mm
nb = 4 mm
Øs,w = 8 mm
s = 100 mm
Characteristic yield strength
Modulus of elasticity
Strain
Bottom longitudinal bars
Mean compr. strength
Oven dry density
Tensile strength
Modulus of elasticity
Lightweight Aggregate Concrete
cot(θ ) = 2,5 EC2-6.7N
Angle between the concrete compr. 
strut and the beam axis perpendic. to 
the shear force
Reinforcement
Stirrups
Number of bottom long. Bars
Stirrup spacing
Strain
LWAC coefficient for εlcu3
LWAC coefficient for Elcm
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3.2.1 Moment Capacity 
According to Eurocode 2 – 6.1(2)P [3];  When determining the ultimate moment resistance of 
reinforced cross-sections, the following assumptions are made: 
 Plane sections remain plane (Navier's hypothesis is valid). 
 Same strain in the concrete and the reinforcement (complete bond). 
 Stress-strain relationship of the concrete according to EC2 - 3.1.7. 
 The tensile strength of the concrete is ignored. 
To find the moment capacity of the beam I start by determining the neutral axis of the cross 
section with axial equilibrium of the stress and strain distribution shown in figure 3.4. 
 
Figure 3.4.  Stress and strain distribution. 
Where 0cT S   (3.1) 
With the concrete force expresses by: 
 c lcdT f db   (3.2) 
And the force in the longitudinal reinforcement is given by: 
 s s s s sS A E A    (3.3) 
Then substitution of the reinforcement strain with concrete strain: 
 3 3
1 1 1
' '
( )
s lcu s lcu
d d d

   
  

  

 (3.4) 
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Gives the neutral axis of αd = 157 mm, and then the moment capacity can be determined by: 
 
2(1 0,5 )Rd lcmM f bd    (3.5) 
So the moment capacity for the cross section is MRd = 176,8 kNm which means that the failure 
load should be Fult = 123,3 kN when the beams dead weight and the weight of the load-
distribution beam has been subtracted. 
3.2.2 Shear Capacity 
The shear capacity for the given reinforcement in the beam is determined by the smaller value of 
the following expressions: 
 , cot
sw
Rd s yk
A
V zf
s
  (3.6) 
and 
 ,max 1
(cot tan )
lcm
Rd cw w
f
V b z 
 


 (3.7) 
Which means that the beam has a shear capacity of VRd = 222 kN and is sufficient to withstand 
the expected failure load of Fult = 123,3 kN.  The spacing of the stirrups is calculated to be at 
maximum 125 mm, which is fulfilled since the spacing is 100 mm in the beam. 
3.2.3 Deflection 
Calculations of the beam deflection are done according to methods in the Betongkonstruksjoner 
textbook by using bending stiffness of equivalent transformed uncracked (Stadium I) and cracked 
(Stadium II) cross-sections. 
For stadium I when the cross-section is assumed to be uncracked the neutral axis is 177 mm from 
the top of the beam.  The bending moment at cracking can be determined as Mcrack = 15,1 kNm 
which means that the cracking force is Fcrack = 9,1 kN and the beam should have deformed 1,2 
mm at this stage. 
Then for Stadium II when the beam has started cracking the neutral axis should move up to 151 
mm from the top side of the beam and the deflection at failure load should be δFailure = 22,1 mm. 
   
19 
3.2.4 Strain 
The strain in the longitudinal reinforcement and the top and bottom side of the concrete is 
checked at the expected failure point. 
Reinforcement strain is expressed by: 
 
(1 )
s
II
M d
EI



  (3.8) 
With input from the failure moment and neutral axis and bending stiffness from Stadium II 
calculations the strain is εs = 1,53 ‰. 
Then the concrete strain at the top side is determined by: 
 3 'lcu
II
M d
EI



  (3.9) 
And the bottom side is found with: 
 3
( )
lcu
II
M h d
EI



  (3.10) 
Which gives the strains of εlcu3‘ = 2,64 ‰ at top and εlcu3 = 2,60 ‰ at bottom. 
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4 Laboratory 
Most of the work in the laboratory regarding fabrication of the beams took place during February 
month.  But the testing of the beams, which is usually done after 28 days of hardening, had to be 
delayed due to Easter vacation in the end of Mars.  The beams were therefore tested at age of 36 
– 39 days of hardening. 
4.1 Fabrication of Reinforcement Steel and Formwork 
The reinforcement frame was quite simple to construct and there was no variation between the 
eight beams.  All reinforcement steel was ordered pre-cut and bent in accordance with the cutting 
list which is to be found in Appendix C.  The length of all the longitudinal bars was all within 
marginal error, so no cutting was necessary to make them fit within the formwork.  But many of 
the stirrups needed some mending to make them fit. 
The reinforcement frame was fabricated on benches where the frame was first turned upside 
down to start by fasten the stirrups to the Ø32 mm bottom longitudinal bars.  Then the frame was 
turned and the Ø8 mm longitudinal bars in the top were placed to secure proper alignment of the 
stirrups.  Finally the upper bottom longitudinal bars were fitted.  Welded transverse 
reinforcement bar were added on the end of the bundled bottom bars to guaranty sufficient 
anchoring of the longitudinal tension bars, see figure 4.1. 
   
Figure 4.1.  Left: Reinforcement frames under production and completed.  Right: Transverse anchoring bar on the end of 
longitudinal reinforcement.  
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The formwork was re-used from previous year testing since those beams had the same length and 
the width could be easily adjusted.  When the reinforcement had been placed in the framework it 
was decided to remove the longitudinal compressional reinforcement bars in the top at mid span 
between the horizontal stirrups, see figure 4.2.  Doing this prevents the top bars increasing or 
accelerating the chance of the concrete spalling and affecting the ductility effects from the fibre 
reinforcement.  This had to be done after positioning the reinforcement in the framework since 
the beams were lifted up on the stirrups and that would not have been possible if the longitudinal 
bars would have been removed on forehand. 
 
Figure 4.2.  Side view of the reinforcement in the formwork with longitudinal top bars removed at mid-span. 
4.2 Casting of the Concrete 
As mentioned before each beam had a volume of 252 litres and the concrete mixer in the 
laboratory had a capacity of about 800 litres.  Therefore it was possible to cast two beams (each 
concrete type, e.g. 1A and 1B) as well the test specimens in one batch from the mixer.  Figure 4.3 
shows an overview of the laboratory ready for casting. 
The casting process took in all four days to complete with removal of the beams from the 
formwork one day after casting. 
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Figure 4.3.  Overview of the laboratory with formwork for beams and test specimens ready for casting. 
SINTEF was responsible for mixing all the concrete batches according to their own recipe which 
they have developed during the last years.  Table 4.1 shows the ingredients used in the concrete 
mixes and the proportions they are mixed in. 
Table 4.1.  Materials in the concrete mixes. 
 
The original recipes from SINTEF are presented in Appendix D.  Beams 2A-2B, 3A-3B and 4A-
4B all have two concrete recipes with different total volume of concrete.  One set without fibres 
434,9
43,5
4,3
198,3
10,7
133,5
237,8
432,8
270,5
7,8
-
78
78
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Sika FB2
Fibers (Varies in mixes)
  •  Basalt, gen. 3 - 1,0 % (Beams 4A & 4B)
Material
Recipe 
[kg/m
3
]
Norcem Standard BP5/BP6
  •  Dramix 65/60 - 1,0 % (Beams 2A & 2B)
  •  Dramix 65/35 - 1,0 % (Beams 3A & 3B)
Elkem Microsilica 920 D
Limeston filler
Water
Absorbed water
Leca 2-4 mm (A-4048)
Leca 800 4-8 mm (A-4048)
0/8 mm NSBR (A-4045)
0/2 mm Filler sand (A-4045)
 24 
and the other with fibres.  This was done to improve the workability of the concrete when casting 
the bottom side of the beams with fibre-free concrete up to the upper side of the longitudinal bars 
where the concrete is theoretically in tension before adding the fibres in the concrete mix.  Then 
the upper layer with fibre reinforced concrete was compacted well with the lower layer to secure 
good bonding between the layers.  This should not have any effect on the test results since the 
critical area of the beam is the compression zone on the top side where the fibre reinforced 
concrete was placed.  The first set of beams was casted with concrete skip but the last three sets 
of beams with the fibres the concrete was placed with wheelbarrows.  After casting the beams 
they were covered in plastic to prevent drying shrinkage and cracking. 
    
Figure 4.4.  Left: Casting of test cylinders on a vibrating table.  Upper right: Slump test.  Lower right: Formwork for the 
fibre test beams and cylinders. 
SINTEF also performed all testing of the fresh concrete, such as slump test, and casting of the 
test specimens and then subsequently the testing of them.  For every set of beams there were 
made six test cylinders to test the compressive strength and oven dry density.  Then for the beams 
with fibre reinforcement (i.e. beams 2A-2B, 3A-3B and 4A-4B) there were also made small-
beam specimens to test the bending stiffness.  Figure 4.4 shows these tests. 
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4.3 Removal of the Formwork and Storage of the Beams 
The beams were removed from the formwork the day after casting when they had reached 
sufficient strength to carry their own weight.  The beams were then moistened by placing soaking 
wet burlap sacks on top of the beams and then covered in plastic to keep them as humidified as 
possible, see figure 4.5.  The test cylinders were also placed under the plastic with the main 
beams to keep them stored at the same conditions as the main beams. 
   
Figure 4.5.  Left: Beams covered in plastic directly after casting.  Right: Beams covered in burlap sacks after removal from 
the formwork and then covered in plastic again. 
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5 Beam Testing 
5.1 Set up 
The testing took place in NTNU’s laboratory testing hall in a testing rig mounted with HOWDEN 
1000 kN hydraulic jack which was run by INSTRON 8800 operating console, see figure 5.1.  The 
beams were fitted with in total seven inductive sensors on the exterior to measure the deflection 
and the strain in the upper and lower edges of the beam, see figure 5.1.  In addition to this data, 
the load and the movement of the hydraulic jack was recorded in a testing log via Spider8 PC 
measurement electronics. 
    
Figure 5.1.  Left: Testing rig in the laboratory with the beams north end on the left side on the picture and the south end 
on the right side of the picture.  Upper right: Strain sensors on the beams west side.  Lower right: Deflection sensors on the 
underside of the beam. 
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5.2 Procedure 
The beams were mounted on 180 mm wide thick (20 mm) steel plates and then on supporting 
solid steel rollers of diameter 50 mm.  The support in North end was free to roll while the South 
support was fixed horizontally.  On top of the concrete beam were comparable steel plates and 
steel rollers placed on wood fibre plates to form the loading roller support.  The load from the 
hydraulic jack was then distributed by a strengthened HE260B steel beam onto the two loading 
points on the concrete beam to form the four point bending test as shown in figure 5.2. 
 
Figure 5.2.  Loading set up of the test 
Each beam was fitted with two inductive sensors parallel to the bottom side of the beam (IS1 and 
IS2), two inductive sensors parallel to the upper side of the beam (IS3 and IS4) to measure the 
concrete strain and then three inductive sensors were fitted perpendicular to the underside the 
beam to measure the deformation at the loading points (IS5 and IS7) and the middle of the beam 
(IS6).  See the placement on figure 5.3 and cross-section of the bracket and sensors in figure 6.6. 
 
Figure 5.3.  Placement of the inductive sensors (IS) 
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4200
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F
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The loading was carried out in three levels, at 25 kN, 50 kN and 75 kN loading.  Then run until 
failure and finally to test end.  Test end was when the beams deflection had increased of 20 mm 
above the failure point. 
Between the loading levels there was a five minute break to mark the cracks that had developed.  
This procedure was photographed from two angles, showing the north and south ends separately, 
see example of beam 1B in figure 5.4 for loading level 1 and the final position of the beam. 
 
 
Figure 5.4.  Example of the loading procedure for beam 1B from two angles.  25 kN load in the upper pictures and 
cracking at end of test in the lower picture. 
Since it is so difficult the see the cracking development on the beams on these pictures, there will 
rather be shown pictures of the total loading procedure for beam 4B from the north-end angle in 
figure 5.5 on the following page.  The cracking development was generally very similar on north 
and south end for all the beams, so it is enough to see one end of the beam.  
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Figure 5.5.  Test procedure for beam 4B.  The load at each loading level is indicated on the pictures but the last picture 
shows the cracking at mid span for the final load at the end of test.  
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6 Test Results 
In this chapter the test results will be presented.  First by comparing the loading time, deflection 
and concrete strain of all the beams.  Then by describing the testing of every beam separately in 
the following sections. 
Load forces in tables, diagrams and the main text corresponds to one of the two applied loads, 
defined as F in figure 5.3, e.g. not the total applied force from the hydraulic jack. 
6.1 Loading Time 
The loading procedure was almost identical for all the beams to loading level 3 at 75 kN pressure 
as the diagram in figure 6.1 shows.  But then it differed about five minutes when the beams 
reached their failure load.  Table 6.1 lists up the time until failure load for all eight beams. 
Table 6.1.  Time until failure load 
 
 
Figure 6.1.  Loading time for all 8 beams.  
1A 1B 2A 2B 3A 3B 4A 4B
Time till failure [min] 46 45 50 49 47 49 48 49
Basalt gen. 3Only LWAC Dramix 65/60 Dramix 65/35
Beam
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6.2 Deflection 
As mentioned before the deflection was measured at three points, below the two loading points 
and at the middle of the beam.  Comparison of the three measuring points will be done for each 
beam in chapter 6.4.  When comparing the deflection of the beams at the middle it is obvious that 
all the beams deflected in a very similar way until the failure load was reached.  Then post-failure 
the fibres started affecting the deflection curve.  The failure load and deflection at failure point 
are found in table 6.2 and figure 6.2 shows the deflection of all the beams at the middle, then a 
close-up of the failure point is shown in figure 6.3. 
Table 6.2.  Failure load and deflection at failure 
 
 
Figure 6.2.  Deflection at mid span of all 8 beams 
It is difficult to compare the effect from the different fibre types since the beams have different 
failure loads.  Then it is possible to normalize the diagram to gather all the failure points in one 
point as done in figure 6.4 with close-up of the failure point and post-failure curves. 
Beam 1A 1B 2A 2B 3A 3B 4A 4B
Failure Load [kN] 100,0 94,9 112,2 103,2 106,6 107,2 109,2 108,2
Deflection at middle [mm] 22,3 21,1 25,2 23,3 22,6 23,4 24,5 23,9
Hardening time [days] 36 37 37 38 36 36 39 39
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Figure 6.3.  Close-up of the failure point 
 
Figure 6.4.  Close-up of the normalized deflection diagram  
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One possible method to measure the ductility of the beams it is to compare the load bearing 
capacity of the beams post failure point.  To evaluate the loss of load bearing capacity post the 
failure point I find the value of deflection of the beams when the load bearing capacity has 
dropped down to 80% of the failure load post the failure point.  Table 6.3 and figure 6.5 show 
this deflection and the deflection at each loading level (L.L.) before failure. 
Table 6.3.  Deflection at 80% of the load bearing capacity post-failure point. 
 
 
Figure 6.5.  Deflection of the beams at 80% load bearing capacity post failure point.  
Beam 1A 1B 2A 2B 3A 3B 4A 4B
Deflection at L.L. 1 [mm] 5,4 5,3 5,5 5,6 5,1 5,4 5,3 5,2
Deflection at L.L. 2 [mm] 10,7 10,5 10,8 10,9 10,2 10,5 10,5 10,4
Deflection at L.L. 3 [mm] 16,2 16,1 16,3 16,5 15,3 15,6 15,9 15,8
Deflection at failure point 
[mm]
22,3 21,1 25,2 23,3 22,6 23,4 24,5 23,9
Deflection at 80% Loading 
post-failure [mm]
23,7 22,3 31,5 29,0 24,6 29,6 27,1 26,5
∆Deflection post-failure 
point [mm]
1,4 1,3 6,3 5,7 2,0 6,3 2,6 2,5
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6.3 Concrete Strain 
The longitudinal concrete strain was measured with four inductive sensors located on the exterior 
of the beams.  These sensors were placed on two brackets, each offset 250 mm from the centre 
line of the beam or 500 mm apart.  The bottom sensors, IS1 and IS2, measured the elongation in 
the bottom while the sensors in the top, IS3 and IS4, measured the shortening in the top of the 
beam.  IS1 and IS3 are on the east side and IS2 and IS4 are on the west side.  Cross-section of the 
beam with brackets and sensors is shown in figure 6.6 and placement of the brackets was shown 
in figure 5.3. 
 
Figure 6.6.  Cross-section of the beam showing the brackets and inductive sensors to measure the strain.  IS1 and IS3 are 
on the east side and IS2 and IS4 are on the west side. 
Two sensors are used on each edge of the beam to check for errors or misreading in the sensors.  
Much difference in the measurements on each edge of the beam could indicate if there was some 
warping of the beam if not just a misreading. 
There were no abnormal differences in the readings from the top and bottom edge sensors so the 
results are presented with the average values of these measurements for all the beams.  Which are 
plotted in figures 6.7 and 6.8 for the top and the bottom edge of the beam respectively. 
The upper side of the beam has compressive strain and is therefore a negative value while the 
bottom side has tensile strain and has a positive value. 
The diagram for strain at top edge corresponds very well with the Load-deflection diagram in 
figure 6.2. 
IS2
IS4
IS1
IS3
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Figure 6.7.  Strain at upper edge of all 8 beams. 
 
Figure 6.8.  Strain at lower edge of all 8 beams.  
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6.4 Beams 
Three sensors measured the deflection of the beams.  One sensor was placed at mid span of the 
beam (called middle in the diagrams) and then there were two sensors placed directly below the 
loading points, or 400 mm away from the middle in both directions (called north and south in the 
diagrams). 
Here will the test procedure for each beam be described.  Two diagrams are shown for each 
beam.  First the deflection measured by all the three sensors is plotted in a diagram in addition to 
the calculated deflection at the middle for comparison.  Then the concrete strain in top and 
bottom of the beam is compared to the calculated values of the concrete strain. 
The calculated values are found by input of the compressive strength and oven-dry density from 
the cylinder compression test (section 6.5.1) in the calculations that were done previously in 
chapter 3.2.  Results of the calculations of the test beams are found in table 6.4. 
Table 6.4.  Tested and calculated values of failure load, deflection and concrete strain. 
 
  
Beam 1A 1B 2A 2B 3A 3B 4A 4B
Type of fiber
Tested failure Load [kN] 100,0 94,9 112,2 103,2 106,6 107,2 109,2 108,2
Tested deformation at middle [mm] 22,3 21,1 25,2 23,3 22,6 23,4 24,5 23,9
Tested strain at top [‰] -2,91 -2,80 -3,15 -3,05 -3,05 -3,01 -3,26 -3,13
Tested strain at bottom [‰] 2,13 1,97 2,42 2,09 2,09 2,13 2,38 2,29
Calculate failure load [kN]
Calculated deformation at middle [mm]
Calcualted strain at top - εlcu3' [‰]
Calcualted strain at bottom - εlcu3 [‰]
Only LWAC Dramix 65/60 Dramix 65/35 Basalt gen. 3
2,79 2,64 2,69 2,75
25,2 23,4 23,8 24,7
-3,19 -2,92 -2,96 -3,11
124,8 120,2 122,6 123,7
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6.4.1 Beam 1A and 1B 
Beams 1A-1B are the only beams that were not fibre reinforced and are therefore the base point 
for the fibre reinforced beams.  As expected these beams had the lowest failure load and lost all 
bearing capacity as soon as they reached the failure load.   The failure was very brittle and clean. 
6.4.1.1 Beam 1A 
Beam 1A started cracking at about 20 kN load and had failure load of 100,0 kN at 22,3 mm 
deflection at mid span when it immediately dropped down to about 42 kN load resistance in 
about 30 seconds.  Figures 6.9 and 6.10 show the deflection and concrete strain and figures 6.11 
and 6.12 show the final cracking of the beam at the end of the testing. 
 
Figure 6.9.  Load-deflection diagram at the three measuring points for beam 1A. 
 
Figure 6.10.  Top and bottom concrete strain of beam 1A. 
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Figure 6.11.  Final cracking on the west side of beam 1A. 
 
Figure 6.12.  Spalling on the top of beam 1A.  
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6.4.1.2 Beam 1B 
Beam 1B started cracking at about 20 kN load as well as beam 1A and had failure load of 94,9 
kN at 21,1 mm deflection at the middle when it immediately dropped down to about 40 kN load 
resistance in about 30 seconds also.  Figures 6.13 and 6.14 show the deflection and concrete 
strain and figures 6.15 and 6.16 show the final cracking of the beam at the end of the testing. 
 
Figure 6.13.  Load-deflection diagram at the three measuring points for beam 1B. 
 
Figure 6.14.  Top and bottom concrete strain of beam 1B. 
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Figure 6.15.  Final cracking on the west side of beam 1B. 
 
Figure 6.16.  Piece of the top of beam 1B removed after testing. 
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6.4.2 Beam 2A and 2B 
Beams 2A-2B had Dramix 65/60 steel fibres (1,0 volume%).  The beams lost some load bearing 
capacity immediately at failure point, but then recovered soon some resistance to the loading.  
Testing was ended when the deflection had increased by 20 mm above the failure point. 
6.4.2.1 Beam 2A 
Beam 2A started cracking at about 21 kN load and had failure load of 112,2 kN at 25,2 mm 
deflection at the middle when it immediately dropped down to about 107 kN load resistance.  
Then it gradually levelled out and held some load resistance until the test ended at 64 kN.  
Figures 6.17 and 6.18 show the deflection and concrete strain and figures 6.19 and 6.20 show the 
final cracking of the beam at the end of the testing. 
 
Figure 6.17.  Load-deflection diagram at the three measuring points for beam 2A. 
 
Figure 6.18.  Top and bottom concrete strain of beam 2A. 
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Figure 6.19.  Final cracking on the west side of beam 2A. 
 
Figure 6.20.  Final cracking on the east side of beam 2A. 
Comments to the testing: 
 The failure mode and cracking of beams 2A - 2B was quite different from beams 1A - 1B 
 Finer cracks 
 Smaller spalling particles, more “chip” like 
 More distortion at the sides of the beams  
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6.4.2.2 Beam 2B 
Beam 2B started cracking at about 17,5 kN load and had failure load of 103,2 kN at 23,3 mm 
deflection at the middle when it immediately dropped down to about 97 kN load resistance.  It 
had a very similar behaviour as beam 2A when it levelled out until the test ended at 60 kN.  
Figures 6.21 and 6.22 show the deflection and concrete strain and figures 6.23 and 6.24 show the 
final cracking of the beam at the end of the testing. 
 
Figure 6.21.  Load-deflection diagram at the three measuring points for beam 2B. 
 
Figure 6.22.  Top and bottom concrete strain of beam 2B. 
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Figure 6.23.  Final cracking on the west side of beam 2B. 
 
Figure 6.24.  Final cracking on the top and west side of beam 2B. 
Comments to the testing: 
 A restart was made after about three minute running time, or at 4,4 kN load because of a 
loose strain sensor at the lower edge of the beam.  
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6.4.3 Beam 3A and 3B 
Beams 3A-3B had Dramix 65/35 steel fibres (1,0 volume%).  These beams were expected to do 
somewhat worse than beams 2A-2B since they had smaller fibres.  The results from these two 
beams varied the most out of all of the four beam types.  Beam 3A lost much load bearing 
capacity really fast while beam 3B withheld much more of its capacity like beams 2A-2B.  The 
beams had very similar failure load but beam 3A had about 15 kN lower load resistance then 3B 
at the end of the testing, when the beams had deflected 20 mm in excess of the failure deflection. 
6.4.3.1 Beam 3A 
Beam 3A started cracking at about 20,5 kN load and had failure load of 106,6 kN at 22,6 mm 
deflection at the middle when it dropped immediately down to about 93 kN load resistance.  Then 
it continued to decrease much more than beams 2A-2B until it reached 60 kN when it started 
levelling out like beams 2A-2B had done until the ending of the testing at 46 kN.  Figures 6.25 
and 6.26 show the deflection and concrete strain and figure 6.27 shows the final cracking of the 
beam at the end of the testing. 
 
Figure 6.25.  Load-deflection diagram at the three measuring points for beam 3A.  
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Figure 6.26.  Top and bottom concrete strain of beam 3A. 
 
Figure 6.27.  Final cracking on the top and west side of beam 3A.  
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6.4.3.2 Beam 3B 
Beam 3B started cracking at about 16,5 kN load and had failure load of 107,2 kN at 23,4 mm 
deflection at the middle when it dropped immediately down to about 100 kN load resistance.  
Then it gradually levelled out in a similar way as beams 2A-2B and held some load resistance 
until the ending of the testing at 62 kN.  Figures 6.28 and 6.29 show the deflection and concrete 
strain and figures 6.30 and 6.31 show the final cracking of the beam at the end of the testing. 
 
Figure 6.28.  Load-deflection diagram at the three measuring points for beam 3B. 
 
Figure 6.29.  Top and bottom concrete strain of beam 3B. 
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Figure 6.30.  Final cracking on the west side of beam 3B. 
 
Figure 6.31.  Final cracking on the top and west side of beam 3B. 
Comments to the testing: 
 Loose strain sensor at the bottom west side of the beam was tightened at approximately 13 
kN load. 
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6.4.4 Beam 4A and 4B 
Beams 4A-4B had Basalt fibre MiniBars generation 3 (1,0 volume%).  These beams had the most 
viscous failure peaks of all the beams.  The load bearing capacity dropped very rapidly after the 
failure load like the non-fibre reinforced beams 1A-1B.  Then they recovered at about 65-70 kN 
load resistance when they gradually levelled out until the end of the testing, which was as before 
when the deflection had increased by 20 mm above the failure deflection. 
6.4.4.1 Beam 4A 
Beam 4A started cracking at about 19 kN load and had failure load of 109,2 kN at 24,5 mm 
deflection at the middle when it dropped down to about 65 kN load resistance.  Then it gradually 
levelled out and held some load resistance until the ending of the testing at 44 kN.  Figures 6.32 
and 6.33 show the deflection and concrete strain and figure 6.34 shows the final cracking of the 
beam at the end of the testing. 
 
Figure 6.32.  Load-deflection diagram at the three measuring points for beam 4A. 
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Figure 6.33.  Top and bottom concrete strain of beam 4A. 
 
Figure 6.34.  Final cracking on the west side of beam 4A.  
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6.4.4.2 Beam 4B 
Beam 4B started cracking at about 16 kN load and had failure load of 108,2 kN at 23,9 mm 
deflection at the middle when it dropped down to about 68 kN load resistance.  Then it levelled 
out and held some load resistance until the ending of the testing at 49 kN.  Figures 6.35 and 6.36 
show the deflection and concrete strain and figures 6.37 and 6.38 show the final cracking of the 
beam at the end of the testing. 
 
Figure 6.35.  Load-deflection diagram at the three measuring points for beam 4B. 
 
Figure 6.36.  Top and bottom concrete strain of beam 4B. 
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Figure 6.37.  Final cracking on the west side of beam 4B. 
 
Figure 6.38.  Final cracking on the top and east side of beam 4B. 
Comments to the testing: 
 Upper and lower strain sensors on the east side (IS1 and IS3) had to be refitted on the 
brackets before test start.  
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6.5 Concrete Cylinder and Small Beam Testing 
6.5.1 Concrete Cylinder Test 
Six cylinder specimens with diameter and height of 100 and 200 mm respectively were taken for 
each set of beams that were casted to test compressive strength and density of the concrete.  
Testing of the compressive strength was done according to NS-EN 12390-3: 2009 [19] in a 
Losenhausen B-52 hydraulic jack with 5000 kN compression capacity. 
Since the test was performed by SINTEF only the results are presented in table 6.5 while the 
complete testing sheets are found in Appendix E.  The compressive strength was tested on five of 
the six specimens, while the last one was used for measuring the oven-dry density of the mix. 
Tore Myrland Jensen, SINTEF, recommended using oven-dry density of 150 kg/m
3
 lower than 
the mean value of the measured bulk density (e-mail 04.25.2013), see Appendix F. 
Table 6.5.  Results from compressive strength and density testing 
 
The compressive strength corresponds very well with the design strength of 40 MPa but the 
tested oven-dry density is considerably lower than the design value of 1800 kg/m
3
. 
  
Days MPa kg/m
3
kg/m
3
kg/m
3
kg/m
3
35 41,0 - - 1765 1615
36 39,1 1781 1659 1815 1665
35 40,0 1828 1686 1822 1672
36 40,5 1785 1634 1782 1632
31 -36   (Mix 4A-4B) 
Basalt fibre MiniBars
Bulk 
Density
Oven-dry test specimen
Mean Bulk 
Density
Compressive 
Strength
Hardening Oven-Dry 
Density
1 - 6   (Mix 1A-1B) 
Only LWAC
11 - 16   (Mix 2A-2B) 
Dramix 65/60
21 - 26   (Mix 3A-3B) 
Dramix 65/35
Specimens              
Fibre type
Used 
density
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6.5.2 Fibre Reinforced Test Beams. 
For each set of fibre reinforced main beams SINTEF made six test-beam specimens with width 
and depth of 150 mm and length of 550 mm.  Testing of these beams was done according to NS-
EN 14651: 2005+A1: 2007 [20] in INSTRON 1332 hydraulic jack with capacity of 250 kN. 
“This European standard specifies a method of measuring the flexural tensile strength of 
metallic fibered concrete on moulded test specimen.  The method provides for the 
determination of the limit of proportionality (LOP) and of a set of residual flexural tensile 
strength values.” [20, pp. 4] 
Before testing a 25 mm deep and 5 mm wide notch is sawn on the underside of the beam which is 
used to measure the CMOD (Crack mouth opening displacement) and to control where the beam 
starts to crack, see figure 6.39.  But SINTEF performed a test on these beams where the 
deflection was measured with an inductive sensor on the underside of the beam, similar to the 
testing of the main beams. 
 
Figure 6.39.  Test set-up for test-beams 
CMOD and flexural tensile strength are usually used when designing structures with fibre 
reinforcement.  Therefore is it possible to calculate the CMOD from the measured displacement δ 
by: 
 0,85 0,04CMOD    (3.11) 
And then the residual flexural tensile strength fR,j is given by the expression: 
Section A-A
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Where Fj is the load corresponding with CMODj, see figure 6.40, l is the span length [mm], b is 
the width of the specimen [mm] and hsp is the distance between the top of the notch and the top of 
the specimen. 
 
Figure 6.40.  Load Fj and relationship of CMOD and deflection. 
Complete results with deflection and CMOD diagrams for each test specimen is shown in 
Appendix G but the average values for every three test specimens is shown in figures 6.41 and 
6.42 which give a pretty good indication of the results. 
 
Figure 6.41.  Average CMOD for every three test beams (in total six specimens for each mix). 
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Figure 6.42.  Average deflection for every three test beams (in total six specimens for each mix). 
Good distribution of the fibres is very important to get the best possible effect from the fibres.  To 
get an indication of the distribution of the fibres in a cross-section a fibre count was done on 
cross-section pieces from the fibre test beams.  These were 50 mm thick specimens cut from the 
middle of the test beams right next to the notch.  The fibres were market with dots on a 
transparent foil which was scanned and the dots counted in a computer program. 
The complete results from these counting’s are in Appendix H, but the average values for each 
concrete mix (with fibres) are listed up in table 6.6 and a column chart in figure 6.43. 
Table 6.6.  Average values and relative standard deviation (CoV) of number of fibres in each mix 
  
Figure 6.43.  Column chart of the mean values of number of fibres in each concrete mix 
  
Mean CoV Mean CoV Mean CoV
Upper 74 22 % 160 26 % 55 25 %
Middle 68 39 % 164 34 % 65 25 %
Lower 90 26 % 176 20 % 55 42 %
Total 231 11 % 499 25 % 175 28 %
Number 
of fibres
Mix 2A-2B Mix 3A-3B Mix 4A-4B
Average values
 58 
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7 Analysis of Test Results 
The test results were generally really good and each beam set had very good correlation with 
exception of beams 3A and 3B which will be discussed later on in section 7.3. 
The steel fibres, both Dramix 65/60 and Dramix 65/35, increase the ductility fairly more than the 
basalt fibres.  This different effect from the fibres is pretty much as expected with regard to the 
different material properties of the fibres, where the modulus of elasticity is about three times 
higher for the steel fibres than the basalt fibres and the shape of the hooked steel fibres indicates 
that they should have more anchorage in the concrete.  This will be addressed in section 7.4. 
7.1 Comparison of Tested and Calculated Results 
Same calculations as were done previously in chapter 3.2 were redone for each set of beams with 
input values from the concrete cylinder testing, i.e. compressive strength and oven dry density.  
The results are shown in table 7.1 with the test results.  Increase of compressive strength due to 
the fibre reinforcement was not accounted for in the calculations. 
Table 7.1.  Main results from testing and calculations. 
 
1A 1B 2A 2B 3A 3B 4A 4B
Failure Load [kN] 100,0 94,9 112,2 103,2 106,6 107,2 109,2 108,2
Failure deformation at middle [mm] 22,3 21,1 25,2 23,3 22,6 23,4 24,5 23,9
Strain at top [‰] -2,91 -2,80 -3,15 -3,05 -3,05 -3,01 -3,26 -3,13
Strain at bottom [‰] 2,13 1,97 2,42 2,09 2,09 2,13 2,38 2,29
Compressive strength [MPa]
Oven-dry density [kg/m
3
]
Failure moment [kNm]
Failure load [kN]
Failure deformation at middle [mm]
Strain at top - εlcu3' [‰]
Strain at bottom - εlcu3 [‰]
Strain in long. bottom reinf. - εS [‰]
Type of fiber
Beam
Only LWAC Dramix 65/60 Dramix 65/35 Basalt gen. 3
1615
41,0 39,1 40,0 40,5
163216721665
2,63
1,54
172,2
120,2
23,4
-2,86
2,58
1,48
178,5
124,8
25,2
-3,12
2,73
1,50 1,52
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177,1
123,7
24,7
-3,04
2,69
175,6
122,6
23,8
-2,89
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The calculated deflection curve and strain curves from table 7.1 has been plotted in the deflection 
and strain diagrams for each beam in chapter 6.4 for visualization. 
7.2 Evaluation of αlcc 
αlcc is the coefficient for long term- and unfavourable effects on the compressive strength and is 
often also called construction compression strength coefficient.  The value of αlcc was set as 1,0 in 
the calculations since the beams were tested after only 1 month from casting in controlled 
loading. 
According to the Norwegian National Annex for Eurocode 2 the value for αlcc is supposed to be 
equal to 0,85 [12].  It is therefore interesting to find which value of αlcc gives the same result as 
the test results.  This is shown is table 7.2.   
 lc lcc lcmf f   (7.1) 
Table 7.2.  Coefficient for long term and unfavourable effects - αlcc. 
 
The average value for all the eight beams is αlcc = 0,84, while the average value for the six fibre 
reinforced beams is αlcc = 0,86.  This shows that the test results for the failure load correspond 
very well with the standard value of αlcc = 0,85. 
  
Beam 1A 1B 2A 2B 3A 3B 4A 4B
Type of fiber
Tested failure Load [kN] 100,0 94,9 112,2 103,2 106,6 107,2 109,2 108,2
Calculate failure load [kN]
flc - Compressive strength giving tested 
failure load [MPa]
31,7 29,8 36,1 32,7 34,0 34,2 35,0 34,6
flcm - Tested compressive strength giving 
calculated failure load [MPa]
αlcc - Long term effect coefficient 0,77 0,73 0,92 0,84 0,85 0,86 0,86 0,86
Only LWAC Dramix 65/60 Dramix 65/35 Basalt gen. 3
41,0 39,1 40,0 40,5
124,8 120,2 122,6 123,7
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7.3 Discussion of Beam 3A 
Beams 3A and 3B had very similar failure loads, 106,6 kN and 107,2 kN, and failure deflections 
of 22,6 mm and 23,4 mm.  Generally the same deformation process until failure.  Then directly 
post-failure beam 3A falls down in the deflection curve at the same rate as the un-fibre reinforced 
beams 1A and 1B as figure 7.1 shows very clearly. 
The ∆deflection of the 80% post-failure column chart in figure 7.2 shows how little resistance the 
beam has to the loading and falls almost at the same rate as beams 1A and 1B.  This means that 
beam 3A has just deflected 2,0 mm while resisting 80% of the failure load, or about 85,3 kN.  
While beam 3B had deflected 6,3 mm when still resisting 80% of the failure load, or about 85,8 
kN.  More deflection means more ductile behaviour in this case. 
And if we look at how much load beam 3A was resisting when it had deflected ~6 mm as beam 
3B had at the 80% post-failure deflection then it was only supporting about ~63% of its failure 
load, or about 67 kN.  Which is almost 20 kN less load bearing capacity than beam 3B at that 
same deflection. 
 
Figure 7.1.  Deflection diagram as shown in figure 6.4.  Close-up of the normalized deflection. 
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Figure 7.2.  Column chart as shown in figure 6.5.  Deflection of the beams at 80% post-failure point. 
Subsequently the diagrams for the loading time, figure 6.1, and the diagrams for the top and 
bottom strains, figures 6.7 and 6.8, show that beams in beam set 3 had the biggest variation of the 
beam sets.  It is very unlikely that the concrete batch itself was poorly mixed since the failure 
loads are similar to the other beams and the results from the compressive strength, table 6.5 and 
Appendix E also show that concrete batch should have been consequent.  But the results from the 
fibre test beam deflection, see figure 6.42 and Appendix G also show more variation for beam set 
3 than the other sets.  This is pretty strange since the specimens were taken at the same time and 
of course from the same batch because there was only one batch for each set of beams. 
I would argue that the deformation curve of beam 3B is more as it should be for beam set 3 rather 
than the curve for beam 3A.  This is basically based on how little the beam deflected post-failure 
point and was more similar to beam sets 1 and 4 directly after the failure point. 
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7.4 Discussion of the Basalt Fibre Beams 4A-4B 
The purpose of the fibre reinforcement is to confine the concrete by applying internal transverse 
stress, as shown in figure 2.2, and minimize the transverse expansion of the compression zone 
and thereby making the concrete more ductile in compression. 
Since the modulus of elasticity of the basalt fibres is only about 30 % of the steel fibres, as shown 
in figure 7.3, then the transverse internal pressure applied from the basalt fibres to the concrete is 
much lesser then from the steel fibres.  Then the concrete with the basalt fibres has to expand 
much more and at higher strains than the steel fibre reinforced concrete to get the same confining 
effect. 
 
Figure 7.3.  E-modulus of steel- and basalt fibres 
This is why the basalt fibre beams (4A-4B) got poorer result in load-deflection diagram in figures 
7.1 (and figures 6.2-6.4).  They started dropping very rapidly directly post the failure point, but 
then they started levelling out at a similar rate as the steel fibre beams (beams 2A-2B and 3B).  
The presumably worse anchorage of the basalt fibres can also have affected these results.  
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7.5 Importance of Good Fibre Distribution 
When the fibres are equally distributed in all directions they have confining effect similar to 
traditional reinforcement in transverse direction.  This improves the ductility of the beam and 
helps keeping the cross-section undamaged as long as possible to withhold the compressive 
strength of the concrete.  Therefore is it critical that the casting of fibre reinforced concrete is 
done in a proper way. 
This indicates that there must have been some error in casting of beam 3A.  It is possible that the 
direction of majority of the fibres in the compressive zone was not optimal, i.e. in the longitudinal 
direction, see figure 7.4. 
 
Figure 7.4.  Different directions of fibres in a beam. 
Good anchorage is also more important than the tensile strength of the fibre.  The fibres must of 
course bond with the concrete to be able to transfer the tensile forces. 
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8 Conclusion 
Eight full scale lightweight aggregate concrete (LWAC) beams were casted to test the effect of 
different types of fibre reinforcement to the compressive ductility.  Test results of these beams 
were compared to calculations with input values from testing of the compressive strength and 
oven-dry density from cylinder testing.  Comparison of tests and calculations results showed a 
generally good compliance. 
This test indicated clear difference in effect of the steel fibres versus the basalt fibres to the 
compressive ductility.  The steel fibres seemed to have almost immediate effect post the failure 
point, with exception of beam 3A.  While the basalt fibres took longer time to affect the load 
bearing capacity of the beams post-failure due to lower E-modulus.  This project also emphasized 
how important it is to be thorough when casting fibre reinforced concrete to achieve good fibre 
orientation and distribution. 
Comments to the testing: 
 It is possible that the small magnitude of the beams, 200x300 mm, resulted in the 
similarity of the effect from the steel fibres.  Was the cross-section of the beams to small? 
 It would have been very better to have casted three beam specimens, especially of the 
fibre reinforced beams, in case of a poor correlation of one set of beams as in set 3. 
Recommendations of continuation on the topic. 
Both types of the steel fibres, with length of 35 mm and 65 mm, gave very similar results in the 
testing.  It is therefore possible to recommend further testing and use of the smaller type of fibres 
(Dramix 65/35) with regards of better workability of the fresh concrete and that the fibres are 
meant as an additive to the structure and not as load-bearing. 
It could also be interesting to compare the Dramix 3D type which was used in this project with 
the newer 4D and 5D types which have even more effective end-hooks for concrete anchorage.  
But on the other hand it doesn’t necessarily result in more ductility in compression since they are 
more relevant for load bearing usage. 
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A-2
Aspect ratio Length
0749-CPD
EN 14889-1
Conforms to
ASTM A820
3DDramix
®
PRODUCT CERTIFICATES
Dramix® is certifi ed for structural use 
according to EN 14889-1 (system ‘1’). 
Detailed information is available on request.
SYSTEM CERTIFICATES
All Dramix® plants are ISO 9001 and 
ISO 14001 certifi ed. 
Dramix®
Data Sheet
0749-CPD
EN 14889-1
Conforms to
ASTM A820
DRAMIX® 3D
Dramix® 3D is the reference in steel fi bre 
reinforcement. Combining high performance, 
durability and ease-of-use, 3D provides you 
with a time-saving and cost-effi cient solution 
for most common applications.
> original anchorage
> standard tensile strength
Dramix® 3D is a cost efﬁ cient solution for 
> fl ooring
> tunnel applications
> precast
> residential applications
Bekaert supplies all of the support you need 
for your project. We help you determine the 
most suitable fi bre types, calculate optimal 
dosages, select the right concrete quality.
Contact your local support.
Go to www.bekaert.com/dosingdramix
for our recommendations on handling, 
dosing and mixing.
Modifi cations reserved. 
All details describe our products in general form only. 
For detailed information, product specifi cations 
available on request.
2,,7 +9@
STORAGE
PACKAGING
NO STACKING
3DDramix
®
3DDramix
®
D
ra
m
ix
®
4 Dramix
®
5DDramix
®
Tensile strength
Wire ductility
Anchorage strength
Bright
PERFORMANCE
Material properties
Tensile strength: Rm,nom: 1.345 N/mm
2
 Tolerances: ± 7,5% Avg
Young’s Modulus: ± 210.000 N/mm2
Geometry
Fibre family
Length (l)  35 mm
Diameter (d) 0,55 mm
Aspect ratio (l/d) 65
Fibre network
8,0 km per m3 (for 15 kg/m3)
14.531 fi bres/kg 
Dramix® range
65
80
4555
71
.1
3.
05
 -
 0
9/
20
12
Belt
65/35 B
BELT 
(paper bags 250 gr)
A-3
 A-4
Aspect ratio Length
0749-CPD
EN 14889-1
Conforms to
ASTM A820
3DDramix
®
PRODUCT CERTIFICATES
Dramix® is certifi ed for structural use 
according to EN 14889-1 (system ‘1’). 
Detailed information is available on request.
SYSTEM CERTIFICATES
All Dramix® plants are ISO 9001 and 
ISO 14001 certifi ed. 
Dramix®
Data Sheet
0749-CPD
EN 14889-1
Conforms to
ASTM A820
DRAMIX® 3D
Dramix® 3D is the reference in steel fi bre 
reinforcement. Combining high performance, 
durability and ease-of-use, 3D provides you 
with a time-saving and cost-effi cient solution 
for most common applications.
> original anchorage
> standard tensile strength
Dramix® 3D is a cost efﬁ cient solution for 
> fl ooring
> tunnel applications
> precast
> residential applications
Bekaert supplies all of the support you need 
for your project. We help you determine the 
most suitable fi bre types, calculate optimal 
dosages, select the right concrete quality.
Contact your local support.
Go to www.bekaert.com/dosingdramix
for our recommendations on handling, 
dosing and mixing.
Modifi cations reserved. 
All details describe our products in general form only. 
For detailed information, product specifi cations 
available on request.
2,,7 +9@
STORAGE
PACKAGING
NO STACKING
3DDramix
®
3DDramix
®
D
ra
m
ix
®
4 Dramix
®
5DDramix
®
Tensile strength
Wire ductility
Anchorage strength
Bright Glued
65/60 G
PERFORMANCE
Material properties
Tensile strength: Rm,nom: 1.160 N/mm
2
 Tolerances: ± 7,5% Avg
Young’s Modulus: ± 210.000 N/mm2
Geometry
Fibre family
Length (l)  60 mm
Diameter (d) 0,90 mm
Aspect ratio (l/d) 65
Fibre network
3,0 km per m3 (for 15 kg/m3)
3.183 fi bres/kg 
Minimum dosage: 
15 kg per m3 (according to CE)
Dramix® range
65
80
4555
71
.2
2.
05
 -
 0
9/
20
12
BAGS 20 kg BIG BAG 1100 kg
A-5
 A-6
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Appendix B 
Detailed Calculations of the Design Beam. 
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Input data Results
Geometry Cross Section
3 600 mm 200 mm
L1 = 300 mm 300 mm
L2 = 1 400 mm 15 mm
L3 = 800 mm d = 239 mm
4 200 mm z =0,9d = 215 mm
453,6 kg h' = 209 mm
Q = 4,45 kN Ac = 60 000 mm2
Dead load  -  q = 1,06 kN/m
LightWeight Aggregate Concrete Reinforcement
flcm = 40 N/mm2 fyk = 500 N/mm2
Įlcc = 1 Ȗs = 1
Ȗc = 1 fyd = 500 N/mm2
flctm = 3,1 N/mm
2 Es = 190 000 N/mm
2
ȡ = 1 800 kg/m3 İs = 0,00263
İcu3 = 0,0035 Stirrups = 8 mm
Ș1 = 0,89 s = 100 mm
İlcu3 = 0,00312 Asw = 101 mm2
Bottom = 32 mm
quantity = 4
Ecm = 35000 Mpa As = 3217 mm2
ȘE = 0,67 Top = 8 mm
Elcm = 23 430 Mpa cot(ș) = 2,5
cot(Į) = 0
Ȝ = 0,8
Ș = 1
(11.2)
for fck ч 50 Mpa
for fck ч 50 Mpa
Concrete cover - cnom =
Span Length  -  L =
Total length of beam =
Beam width  -  b =
Beam height  -  h =
Weight of beam  -  W=
(11.1)
Beam Design
All calculations are done in accordance with Eurocode 2:  Design of concrete structures and Betong-
konstruksjoner, beregning og dimensjonering etter Eurocode 2 (BK) by Svein Ivar Sørensen.  Formulas that 
include concrete compressive strength used in these calculations are adapted to mean value of concrete 
cylinder compressive strength.  All partial factors are set as 1.
1 0,40 0,60 2200
UK  
F F
L1 L2
L = 3600
L3 L2 L1
30
0 23
9
200
15
 22200E UK  
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Moment capacity
EC2 - 6.1(2)P:
  •  Navier's hypothesis is valid.  Plane sections remain plane.
  •  Complete bond between reinforcement and concrete.  Same strain in concr. and reinforcement.
  •  Stress/Strain relationship of the concrete according to EC2 - 3.1.7.
  •  The tensile strength of the concrete is ignored.
Solve the ABC formula to find the neutral axis of the beam:
A = 3,66E+08 Nmm
B = 4,56E+08 Nmm
C = -4,56E+08 Nmm
so Į = 0,655
and get: Įd = 157 mm
Then the Moment capacity can be found with:
MRd = 176,8 kNm (BK 4.14)
Check the strain in the bottom reinforcement:
İs = 0,0016
where İyd = 0,0026 >       İs = 0,0016 OK, the reinforcement is elastic
When designing the ultimate moment resistance of reinforced cross sections, the following assumptions are 
made:
2(1 0,5 )Rd lcmM f bdOD OD 
:
0
:
c
c lcd
s s s s s
Axial equilibrium
T S
where
T f db
S A E A
OK D
V H

  
 
  
3
3
Tensional strain
1 1 '
( )
1'
s lcu
s lcu
d d d
H HD D
DH H D
 
  
3
1's lcu
DH H D
 
3
3 3
2 2
3 3
2 2
3 3
2
3
:
(1 ) ' 0
' ' 0
:
' 0
( ) ( ' ) ' 0
'
lcm s lcu s
lcm s lcu s s lcu s
lcm s lcu s s lcu s
lcm s lcu s s lcu s
lcm
s lcu s
Axial equilibrium
f db E A
df db E A E A
d
Multiply with d
f d b E A d E A d
f d b E A d E A d
A f d b
B E A d
DOK D HD
OK D H HD
D
OK D H H D
D OK D H H
OK
H

  
   
   
   
 
 
2
3
4
2
's lcu s
B B AC
A
C E A d
D
H
 r  
 
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Beam dead load: MEd,q = 2,3 kNm
Load-distribution beam: MEd,HEB = 1,79 kNm
(260 kg total)
MEd,Dead = 4,1 kNm
The statical model for the beam with 2 point loads:
where the failure load can be found by:
Fult = 123,3 kN
To determine compatible failure load with the test-results I have to subtract the dead weight of the beam and 
the load-distribution steel beam placed on top of the concrete beam under loading
2
, 8Ed q
q LM  
, 2Ed HEBM Q L 
F
F
F F
F F
MEd
L1 L2 L3 L2 L1
, ,
, , 2
,
2
Ed Ed F Ed Dead Rd
Ed F Rd Ed Dead
Rd Ed q
M M M M
M M M F L
M M
F
L
   
   
  
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Shear resistance
Even though there isn't any shear reinforcement at mid-span, there is reinforcement in the rest of the beam.
Check if assumed Ø8c100 shear reinforcement is sufficient.
VRd,s = 270,3 kN (6.8)
ȣ1 = 0,3742 (11.6.6N)
VRd,max = 222,0 kN (6.9)
So the shear resistance of the cross section is the smaller value of VRd,s and VRd,max:
VRd = 222,0 kN OK, this resistance is sufficient
Minimum stirrup spacing according to EC2.
ȡw,min = 0,0013 (NA.9.5N)
smin = 397 mm (9.4)
smax = 125 mm OK (9.6N)
,min 0,1
cm
w
yk
f
f
U  
1 10,5 1 250
lcmfQ K § · ¨ ¸© ¹
, cotswRd s yk
AV zf
s
T 
,max 1 (cot tan )
lcm
Rd cw w
fV b zD Q T T 
min
,min
sw
w w
As
bU 
max 0,6 '(1 cot )s h D 
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Anchorage (with welded transverse bar)
Values for calculating the anchorage:
EC2 - 8.4.4(1) EC2 - 8.4.2(2)
cd = 25 mm Ș1 = 1 good bond, see fig. 8.2
Į1 = 1 Ș2 = 1 for ø  32 mm
Į2 = 1,03 EC2 - Table 11.3.1 (and Table 3.1)
Į3 = 1 flck = 32 N/mm2
Į4 = 1 Ș1 = 0,89
Į5 = 1 flctk,0.05 = 1,89 N/mm2
flctd = 1,89 N/mm2
Øn = 45 mm (8.14)
ısd = 47,9 Mpa (6.18)
flbd = 4,2 Mpa (8.2)
lb,rqd = 127,8 mm (8.3)
lbd = 132,0 mm (8.4)
lb,min = 320 mm (8.7)
The longitudinal bars are bundled two and two together in the bottom of the beam so the equivalent diameter 
of these two bars can be used.
Even though the requirement is l b,min  = 320 mm and the available anchoring length is only 285 mm that shouldn't be a 
problem because the beam has a welded transverse end bar.
1 22,25lbd lctdf fKK 
 , 4 sdb rqd lbdl fVI § · ¨ ¸© ¹
,min ,max{0,3 ; 10 ; 100 }b b rqdl l mmI 
0,5 (cot cot )td Ed
sd
s s
F V
A A
T DV '   
1 2 3 4 5 , ,minbd b rqd bl l lD D D D D t
55n bundlen mmI I d
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Deflection
Stadium I.   Now the section is uncracked and therefore the whole section is active.
Ș = 8,11
Įd = 177 mm (B.K. 5.13)
Ic,I = 4,94E+08 mm
4 (BK 5.14)
Is,I = 1,24E+07 mm
4
(BK 5.15)
EII = 1,39E+13 Nmm
2
(BK 5.16)
Mcrack = 15,1 kNm (BK 5.20)
Fcrack = 9,1 kN
įcrack,I = 1,2 mm
Calculations of the beam deflection is done according to methods in the Betongkonstruksjoner book by using 
bending stiffness (second moment of area OR moment of inertia) of equivalent transformed Uncracked 
(Stadium I) and Cracked (Stadium II) cross-sections.  Since the cross section does not have longitudinal 
reinforcement in the top formula can be used directly from the textbook.
s
lcm
E
E
K  
2c s
c s
hA A d
d
A A
KD K
 
2 22
, 2(3 4 )24
crack
crack I
I
F L L L
EI
G  
,
2
crack Ed q
crack
M M
F
L
 
2
, ( )s I sI A d dD 
3
2
, ( )212c I c
bh hI A dD  
, ,I lcm c I s s IEI E I E I 
, ,c I s I
crack lctm
I I
M f
h d
K
D
 
A-16
ʌ = 0,0673
Į = 0,63
Įd = 151 mm
Ic,II = 2,31E+08 mm
4
(BK 5.6)
Is,II = 2,48E+07 mm
4 (BK 5.7)
EIII = 1,01E+13 Nmm
2
(BK 5.8)
Deflection right after cracking:
įcrack,II = 1,6 mm
Deflection at failure point
įFailure = 22,1 mm
Strain
The curvature of the cracked cross-section in the figure on the previous page is expressed by:
(BK 5.55)
İs = 0,00153
Top İlcu3' = 0,00264
Bottom İlcu3 = 0,00260
then the Reinforcement strain at failure:
and Concrete Strain at failure
Stadium II.   Now the cross section is started cracking and the concrete only contributes to the compression, so it is 
only activ in the compression zone.
so the stress in the reinforcement is
(BK 5.5)
, ,II lcm c II s s IIEI E I E I 
sA
bd
U  
 2 2D KU KU KU  
23 3
,
( ) ( )( )
12 2 3c II
b d d b dI b dD D DD § ·   ¨ ¸© ¹
2
, ( )s II sI A d dD 
2 22
2(3 4 )24
Failure
Failure
II
F L L L
EI
G  
2 22
, 2(3 4 )24
crack
crack II
II
F L L L
EI
G  
(1 )
s
II
M d
EI
DH  
(1 )
s s s s
II
M dE E
EI
DV H   
3
( )
lcu
II
M h d
EI
DH  
3 'lcu
II
M d
EI
DH  
(1 )
s
II
M
EI d
HN D  
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Appendix C 
Cutting List. 
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Appendix D 
Concrete Recipe’s from SINTEF. 
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Appendix E 
Concrete Test-Cylinders. 
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Appendix F 
E-mail from Tore Myrland Jensen, Oven-dry Density. 
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From: Tore Myrland Jensen [mailto:Tore.Myrland.Jensen@sintef.no]  
Sent: 25. april 2013 14:45 
To: Jan Arve Øverli; Torgeir Steen 
Subject: Ovnstørr densitet 
  
Ovnstørr densitet ble bestemt for støp 2, 3 og 4. 
  
Følgende resultater fremkommer: 
•        Bjelke 2 (sylinder nr. 16): Ovnstørr densitet: 1659 kg/m3 (Romdensitet var 1794 kg/m3, dvs. 135 kg 
fordampbart vann/m3) 
•        Bjelke 3 (sylinder nr. 25): Ovnstørr densitet: 1686 kg/m3 (Romdensitet var 1828 kg/m3, dvs. 142 kg 
fordampbart vann/m3) 
•        Bjelke 4 (sylinder nr. 31): Ovnstørr densitet: 1634 kg/m3 (Romdensitet var 1785 kg/m3, dvs. 151 kg 
fordampbart vann/m3) 
  
Som input ved beregning av teoretiske tøyningsgrenser etter EC2 anbefaler jeg at ovnstørr densitet 
settes som 150 kg/m3 lavere enn middelverdien av romdensiteten. Dette gjøres likt på alle fire 
betongene.    
  
Dersom andre antagelser eller beregninger av ovnstørr densitet er gjort, og endringer av dette medfører 
mye merarbeid (f.eks. i forbindelse med justering av rapportering, utarbeidede grafer, figurer etc.), så er 
det ingen krise om dere ikke endrer til 150 kg/m3. Dere får vurdere dette..… 
  
Fint om dere informerer videre (har ikke e‐postadressen til resten av stud.) 
  
Tore 
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Appendix G 
Bending Strength of Fibre Reinforced Test-Beams. 
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B_1.1 B_1.2 B_1.3 Mean value Unit CoV
152,0 152,0 152,0 152,0 mm 0,0%
125,0 126,0 125,0 125,3 mm 0,5%
500 500 500 500 mm 0,0%
19,1 25,6 22,2 22,3 kN 14,6%
6,0 8,0 7,0 7,0 N/mm2 13,8%
5,8 7,5 6,3 6,6 N/mm2 13,3%
5,8 7,3 6,9 6,7 N/mm2 11,8%
5,3 7,0 6,9 6,4 N/mm2 15,5%
4,8 6,7 6,8 6,1 N/mm2 18,3%
1 % Dramix 65/60_spec. 11-13
FL
Summarized
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B_1.1 B_1.2 B_1.3 Mean value Unit CoV
152,0 152,5 153,0 152,5 mm 0,3%
126,0 126,0 125,5 125,8 mm 0,2%
500 500 500 500 mm 0,0%
19,5 25,6 24,9 23,3 kN 14,2%
6,1 7,9 7,8 7,2 N/mm2 14,1%
6,0 7,5 7,3 6,9 N/mm2 11,7%
5,9 7,8 6,8 6,8 N/mm2 14,0%
5,8 7,7 6,4 6,7 N/mm2 14,9%
5,5 7,7 5,9 6,4 N/mm2 17,7%
1 % Dramix 65/60_spec. 14-16
FL
Summarized
Average Width, b
Average high, h
Length, L
ffct,L
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0
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B_1.1 B_1.2 B_1.3 Mean value Unit CoV
151,5 152,0 152,0 151,8 mm 0,2%
125,5 126,0 125,0 125,5 mm 0,4%
500 500 500 500 mm 0,0%
23,9 24,0 22,4 23,4 kN 4,0%
7,5 7,5 7,1 7,3 N/mm2 3,4%
7,4 7,4 6,9 7,2 N/mm2 4,3%
7,0 6,8 6,3 6,7 N/mm2 5,4%
5,9 6,1 5,9 6,0 N/mm2 2,5%
5,1 5,6 5,2 5,3 N/mm2 4,8%
1 % Dramix 65/35_spec. 21-23
FL
Summarized
Average Width, b
Average high, h
Length, L
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A-50
B_1.1 B_1.2 B_1.3 Mean value Unit CoV
152,0 151,5 154,0 152,5 mm 0,9%
126,0 126,0 126,0 126,0 mm 0,0%
500 500 500 500 mm 0,0%
24,5 21,3 32,7 26,2 kN 22,3%
7,6 6,7 10,0 8,1 N/mm2 21,4%
7,5 6,6 9,6 7,9 N/mm2 19,3%
6,9 5,8 9,9 7,5 N/mm2 27,7%
6,2 4,9 9,3 6,8 N/mm2 33,0%
5,3 4,2 8,6 6,1 N/mm2 37,6%
1 % Dramix 65/35_spec. 24-26
FL
Summarized
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Length, L
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A-51
B_1.1 B_1.2 B_1.3 Mean value Unit CoV
152,0 152,0 153,0 152,3 mm 0,4%
125,5 125,5 125,5 125,5 mm 0,0%
500 500 500 500 mm 0,0%
17,7 20,3 19,5 19,1 kN 6,9%
5,5 6,3 6,1 6,0 N/mm2 6,9%
5,5 6,2 6,0 5,9 N/mm2 6,4%
2,5 3,6 3,5 3,2 N/mm2 19,0%
1,5 2,2 2,1 2,0 N/mm2 18,5%
1,0 1,5 1,6 1,4 N/mm2 22,6%
FL
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A-52
B_1.1 B_1.2 B_1.3 Mean value Unit CoV
152,0 152,0 153,0 152,3 mm 0,4%
125,0 125,0 126,0 125,3 mm 0,5%
500 500 500 500 mm 0,0%
17,9 18,5 21,6 19,4 kN 10,2%
5,7 5,8 6,7 6,1 N/mm2 8,8%
5,6 5,8 6,6 6,0 N/mm2 8,4%
2,7 3,4 3,9 3,3 N/mm2 18,4%
1,7 1,7 3,1 2,2 N/mm2 36,5%
1,3 1,2 2,3 1,6 N/mm2 39,3%
FL
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Appendix H 
Fibre Counting 
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A-56
Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6 Mean CoV
Upper 76 70 80 52 64 100 74 22,0 %
Middle 34 105 88 75 50 54 68 39,1 %
Bottom 72 60 80 102 121 105 90 25,6 %
Total 182 235 248 229 235 259 231 11,5 %
1 % Dramix 65/60_spec. 11-16
COUNTING FIBRES
Mix 2A-2B, spec. 1.1-1.6
Each slide was divided in 3 different parts to distinguish between the 25mm at the top 
(compression zone), 25 mm at the bottom (where the beams was notched) and 100mm in the 
middle zone was left
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A-57
Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6 Mean CoV
Upper 100 150 126 193 194 197 160 25,7 %
Middle 55 184 160 182 183 217 164 34,4 %
Bottom 104 190 190 186 184 200 176 20,2 %
Total 259 524 476 561 561 614 499 25,3 %
COUNTING FIBRES
Each slide was divided in 3 different parts to distinguish between the 25mm at the top 
(compression zone), 25 mm at the bottom (where the beams was notched) and 100mm in the 
middle zone was left
Mix 3A-3B, spec. 2.1-2.6
Number of Fibres
1 % Dramix 65/35_spec. 21-26
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A-58
Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6 Mean CoV
Upper 74 49 45 41 50 69 55 24,7 %
Middle 86 56 51 50 65 84 65 24,7 %
Bottom 96 36 36 60 42 62 55 41,6 %
Total 256 141 132 151 157 215 175 28,0 %
COUNTING FIBRES
Each slide was divided in 3 different parts to distinguish between the 25mm at the top 
(compression zone), 25 mm at the bottom (where the beams was notched) and 100mm in the 
middle zone was left
Mix 4A-4B, spec. 3.1-3.6
Number of Fibres
1 % Basalt MiniBar Generation 3_spec. 31-36
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